, digestion preferentially affects markers at the end of the genetic map. This is taken to indicate a nonpermuted gene sequence in mature DNA. Incubation of mature DNA in the presence of exonuclease I or DNA polymerase has no effect on its biological activity. The The anatomy of a number of phage deoxyribonucleic acid (DNA) species has been elucidated in the last years, and some understanding of the functional significance of DNA structure has been gained (27). In particular, the structure of the end of the molecule and a permuted versus a nonpermuted nucleotide sequence have been emphasized (26).
The effects of Escherichia coli exonuclease I, exonuclease III, and deoxyribonucleic acid (DNA) polymerase on the biological activity of mature DNA from temperate Bacillus bacteriophage 4105 were investigated. Intact DNA loses infectivity rapidly upon exposure to exonuclease III. Although there is an overall decrease in marker rescue from exonuclease III-digested DNA, digestion preferentially affects markers at the end of the genetic map. This is taken to indicate a nonpermuted gene sequence in mature DNA. Incubation of mature DNA in the presence of exonuclease I or DNA polymerase has no effect on its biological activity. The The anatomy of a number of phage deoxyribonucleic acid (DNA) species has been elucidated in the last years, and some understanding of the functional significance of DNA structure has been gained (27) . In particular, the structure of the end of the molecule and a permuted versus a nonpermuted nucleotide sequence have been emphasized (26) .
We have been studying the biological activity of various DNA forms from the temperate Bacillus bacteriophage 4105 and have demonstrated differences in gross structure and biological activity between prophage, vegetative, and mature DNA (23, 24) . Mature DNA is of comparatively very low infectivity in the B. subtilis transformation system, and some recent experiments have suggested that part of the end of the DNA molecule is destroyed as the molecule is brought into the cell (22) . The present work was undertaken with two objectives in mind. First, we wanted to study the effect of purified exonucleases of known specificity on mature 4105 DNA and their effect on the biological activity of this DNA. Second, we wanted to explore the possibility of performing mapping of genetic markers on the DNA molecule by studying marker rescue from DNA exposed to limited exonucleolytic I Parts of this work were presented at the NATO conference, Uptake of Informative Molecules by Living Cells, Mol, Belgium, 1970. 159 digestion. Such an experiment should also enable us to distinguish whether mature DNA has a permuted nucleotide sequence.
During the course of these experiments, we encountered several unexpected findings with regard to the specificity of action of E;scherichia coli exonuclease III (18) which warranted a somewhat closer investigation. In the following, we will show that exonuclease has limited value as a general mapping device in our system but that it can be used to identify a unique versus a permuted sequence. We will also report on experiments involving digestion of phage DNA with E. coli exonuclease III and discuss possible mechanisms for limited specificity of the enzyme.
MATERIALS AND METHODS Bacteria and phage. B. subtilis W168 (su-) was used as nonpermissive host; B. subtilis SR135 (trp-7, SpoA9, su+3) was used as a permissive host. Wildtype phage 0105 as well as all mutants thereof employed have recently been described (1, 21 (25) . The lysate was further purified as described for 4105.
P2. E. coli Cl-a was grown in Fraser-Jerrel medium and infected with P2 cc 1 g vir22 as described for T7.
At the time of infection, 0.1 mCi of 3H-thymidine was added per 100 ml of culture. After 2 to 4 hr, the culture had lysed and showed a titer of 2 X 1010 to 5 X 1010 PFU per ml. The phage was purified as described for 4105.
Lambda. E. coli W3350thy-(Xcf857) was grown in 250 ml of tryptone broth (10 ,ug of thymidine per ml) with forced aeration at 34 C to a cell density of 2 X 108 to 4 X 108 per ml. The culture was then shifted to 45 C, and 0.5 mCi of 3H-thymidine was added. After 15 min, the cells were shifted to 38 C and held at this temperature until lysis, 1 to 2 hr later. The lysate had a titer of 2 X 1010 PFU per ml, and the phage was purified as described for 4105.
Extraction of DNA from phage. DNA was extracted three times from 2 ml of phage suspension with phenol (Mallinckrodt, reagent grade). The phenol was washed extensively with 0.1 M Tris, 0.01 M EDTA (pH 8.0) and stored at 4 C protected from light. Extraction was carried out in 10-ml glass-stoppered tubes by longitudinal rotation at 13 rotations per min for 30 min at room temperature (20 to 22 C). The DNA preparations were dialyzed for 48 hr at 4 (9) . The enzyme had a specific activity of 120,000 units per mg (18 The enzyme was diluted into 0.05 M Tris (pH 7.4), 1 mg of BSA per ml prior to use. In various experiments, the following tritiated deoxynucleotides were employed: 3H-dTTP, 3H-dCTP, and 3H-dATP.
The enzyme reaction was assayed as acid-precipitable radioactivity. The reaction mixture sample was chilled on ice; a solution of 0.1 ml of 0.1 M pyrophosphate, 0.2 M EDTA, and 100 mg/ml BSA was added followed by 1 ml of cold 10% trichloroacetic acid. The samples were filtered through glass filters, dried, and placed in scintillation vials with 0.2 ml of 4 M NH40H. The samples were counted in 10 ml of Bray's solution.
Scintillation counting. Acid-soluble radioactivity from the exonuclease assay samples was measured by addition of 0.5 to 0.7 ml of the supernatant material to 10 ml of dioxane scintillation fluid [4 g of 2,5-diphenyloxazole, 200 mg of 1 ,4-bis-2-(5-phenyloxazolyl)-benzene, 60 g of naphthalene, 800 ml of dioxane, 200 ml of ethylene glycol monoethyl ether]. Vials were temperature-equilibrated in the dark prior to counting in a Nuclear Chicago Mark I scintillation counter. All tritium counts are corrected for quenching by the channels ratio method with a 133Ba external standard and standard samples. Efficiency of counting ranged from 19 to 34%. jected to exonuclease III treatment with two purposes in mind. The first objective was to obtain information regarding the end structure of the molecule; previous work had indicated that the end was of particular importance for the infectivity of mature DNA (22) . Second, we wanted to attempt a correlation between the known genetic map and the physical entity. Both of the above objectives require that the majority of the molecules are attacked only from the end when exposed to exonuclease III. It is known that exonuclease m may initiate degradation at an internal nick as well as from the end proper (15) . Therefore, to obtain degradation from the ends, it is essential that the DNA preparations are essentially free of internal single-strand breaks and that no trace of endonucleolytic activity is present in the incubation mixture. The alkaline sucrose gradient proffle of one of the 4105 DNA preparations used for digestion (Fig. 2) indicates a maximum of one nick per 3 or 4 molecules. Previous work has also shown that the single strands from q5105 mature DNA can be obtained intact (2) . We were unable to detect any endonuclease activity in our preparations. As a precaution, however, digestions were carried out in the presence of 10 ,ug of yeast transfer RNA (tRNA) per ml, a known inhibitor of E. coli endonuclease I. The tRNA had no effect on the activity of exonuclease III nor did it interfere with the biological assay of 4105 DNA. 4105 DNA is susceptible to exonuclease III; at a large excess of enzyme, the reaction will run essentially to completion (Fig. 3) . Upon Both mixtures were incubated at 30 C and, at indicated times, 0.2-ml samples were removed to 0.8 ml of preheated (70 C) 0.15 M NaCi. After S min, the samples were cooled on ice. Portions of each sample (0.3 ml) were acid-precipitated and assayed for soluble counts (0). The residual portions (0.7 ml, 2.8 ug of DNA)
were assayed for infectivity and rescue. Competent SR135 cells were exposed to 0.4 pg of DNA per ml and were either plated directly to determine infectivity (dashed line), or were superinfected with N15-sus2 double mutant phage and plated under nonpermissive conditions to assay marker rescue (0). The control sample gave 1.5 X 103 to 3 X 108 infectious centers per p-g. III, and samples were withdrawn at intervals to stop the reaction; these samples were subsequently used for marker rescue. To minimize variations between different experiments, ts-sus double mutants of 4105 were used for superinfection and rescue of the ts or the sus marker scored. The results of a set of such experiments are shown in Fig. 4 . The order of the markers is tsN15-susl3-susll-sus7. Sus7 is lost for rescue at a faster rate than the other markers. However, a steady loss of all markers for rescue is seen with increasing amounts of DNA digested. The effect of exonuclease III on the biological activity of mature DNA thus seems to be twofold: (i) it leads to an overall decrease in marker rescue activity, and (ii) loss of a terminally located marker (i.e., sus7) occurs more rapidly than more internally located markers. It is immediately obvious from the results presented in Fig. 4 (Fig. 5) . The addition of a large molar excess of cold 4105 DNA to X 3H-DNA has no effect on the rate of digestion of X DNA at enzyme excess (Fig. 6) . Thus, erence for hydrogen-bonded 3' termini opposed by an intact DNA strand. That is, the enzyme might prefer to initiate at a nick or at a singlestranded molecular end rather than at a doublestranded terminus.
In the first type of experiment, the majority of the 4105 DNA molecules had internal nicks and the preparation was initially of low infectivity. In neutral sucrose, the DNA sedimented as a single symmetrical peak with a molecular weight of about 24 X 106, whereas in alkaline sucrose a broad sedimenting band was found with an average molecular weight of 6 X 101 to 9 X 10' ( Fig. 7; reference 4) . This pared to un-nicked DNA. However, whereas the infectivity of an intact DNA preparation is lost when only a small amount of the DNA is rendered acid-soluble (see Fig. 3 ), the infectivity of the nicked preparation decreased only at a rate similar to the rate of digestion of the whole population (Fig. 7b) . These results, together with those of Fig. 3 , support the idea that nicked DNA is noninfectious and highly susceptible to exonuclease III, and intact DNA is infectious but has a low susceptibility for exonuclease III.
Furthermore, nicked 4)105 DNA is degraded by exonuclease III at a rate which is higher than would be expected from the increase in the number of susceptible termini, as shown by the following experiment. Intact 4105 DNA was treated with pancreatic deoxyribonuclease I at a limiting concentration as described above. The DNA was then re-extracted with phenol. The average number of nicks per single strand was 2 or 3 as judged by sedimentation through alkaline sucrose ( Fig.  8a; reference 12 ). When equal amounts of nicked or intact DNA are exposed to exonuclease III, the nicked DNA is degraded at least 10 times faster than the intact DNA (Fig. 8b) . On the other hand, when new termini are generated by mechanically shearing intact )105 DNA rather than by nicking with endonuclease, the rate of digestion increases only in proportion to the number of ends generated (Table 5 ). This last experiment also indicates that the majority of the molecules in the intact population are susceptible to exonuclease III.
Finally, there is a difference in the rate of degradation of certain intact phage DNA species of defined structure by exonuclease III. T7 DNA contains double-stranded ends (20) , whereas X DNA is terminated by 5' single-stranded ends (29, 30) . When equimolar amounts of T7 DNA and X DNA are incubated separately but simultaneously with exonuclease III, X DNA is digested at a faster rate than T7 DNA (Fig. 9) . When a small amount of X 3H-DNA is added to T7 14C-DNA, lambda is still digested at a faster rate; thus T7 DNA is not inhibitory to exonuclease III.
The T7 DNA and the X DNA are both intact as judged by their sedimentation profile in neutral and alkaline sucrose. When a sample of the same T7-X DNA mixture is extensively sheared [to X8 sized molecules as measured by sedimentation in neutral sucrose against intact T7 DNA (4)] and exposed to exonuclease III, the sheared T7 DNA is degraded at a fivefold higher rate, whereas the rate of digestion of X DNA does not change appreciably compared to intact DNA (Fig. 10) 4 .5 a Relative rates are based on the initial velocity of digestion at 30 C (per cent digestion/10 min), with the rate of the intact sample taken as one. Each DNA sample was prepared by shearing (1) a sample of intact 0105 DNA (4.3 4g/ml). All reaction mixtures contained 0.4 ,g of 0105 DNA and 4 units of enzyme in 0.25 ml total volume. The molecular weights were determined by centrifugation in neutral sucrose; the half molecules were sedimented relative to a X DNA marker, and the quarter molecules were measured relative to cosedimented T7 DNA (11). Effect of exonuclease I and E. coli DNA polymerase on mature 4105 DNA. The susceptibility of intact 4105 DNA to exonuclease III implies that the DNA has hydrogen-bonded 3' ends. In confirmation and to eliminate any possibility that the molecule terminates in 3' single-stranded regions, the DNA was subjected to E. coli exonuclease I. Exonuclease I requires a nonphosphorylated, single-stranded 3 The ratios are based upon nmoles of nucleotide solubilized in 10 min under conditions described in the text. Less than 25% of available nucleotide had been digested, and rates were from the linear region of digestion curves.
to initiate digestion (10) . However, even highly purified enzyme will also attack 5' single-stranded DNA at a low rate (30) .
In Fig. 11 and a At the time indicated, 0.2-ml samples were taken from mixture A and frozen. Competent su+ bacteria were added directly to these samples, and infectivity was assayed by plating on su+ indicator at 30 C. For rescue, the cells were superinfected with tsN15-sus2 and plated on sic 30 C and su+ 40 C. Mixture C was a simultaneous control containing 7.7 &g of 0105 3H-DNA and no enzyme in a final volume of 0.5 ml. See legend to Fig. 11. b Values expressed X 104.
-Values expressed X l06. VOL. 7, 1971 incubation of native q105 3H-DNA with exonuclease I released no measureable radioactivity and did not decrease infectivity significantly. Furthermore, single markers tested for rescue were not affected. Of a control preparation of single-stranded 4105 DNA, 65% was digested under these conditions.
The failure of exonuclease I to attack 4105 DNA is probably not due to the lack of 3' hydroxyl molecular ends as, for example, in the case of a covalently closed circle, or the presence of inhibitory phosphorylated 3' ends. When intact 4105 DNA is denatured in alkali and then neutralized, it becomes labile to attack by exonuclease I (Fig. 12) . The denatured DNA is digested at a slightly higher rate than an equal amount of similarly treated X DNA under conditions of enzyme excess.
Previous work (22) In addition to genetic information, it is possible to reach some conclusions concerning the physical structure of 4105 DNA from these experiments. The extent of reaction and the very rapid loss of infectivity upon exonuclease III digestion of the intact DNA indicate that most, if not all, of the molecules of such a preparation are attacked from the ends. Therefore, the preparations are a relatively uniform population of molecules having hydrogen-bonded 3' ends. As a result, the terminal structure of the DNA is limited to either 5' single-stranded ends (as in the case of X DNA) or double-stranded ends (as in the case of P22 DNA).
Although we have no positive evidence which might favor one of these two alternatives, the following negative experiments might argue for a double-stranded terminal structure. First, extensive efforts to demonstrate cohesive ends under controlled conditions were unsuccessful (2; unpublished data). Centrifugation of old or new preparations of DNA and preparations subjected to annealing under appropriate conditions have, as yet, failed to show any signs of a fast-moving component.
Second, it has been shown that X DNA, with 5' single-stranded terminals, is rendered noninfectious after treatment with purified exonuclease I (30) . This loss of infectivity has been attributed to the ability of exonuclease I to attack 5' ends at a low rate. Exonuclease I had no effect on the infectivity of 4105 DNA, although the enzyme was active, and (as seen by the effects of exonuclease III) even slight digestion of the DNA at the ends would have destroyed its infectivity.
Third, active E. coli DNA polymerase has no effect on either infectivity or rescue of the intact DNA.
And, finally, it might be inferred from our results that exonuclease III prefers to initiate digestion at "nicks" or at single-stranded terminals rather than at double-stranded ends. If this is the case, the very low rate at which the intact 4105 DNA is digested and the proportional increase of this rate with increase in molecular ends upon shearing the DNA might indicate double-stranded terminals for the molecule. 4105 DNA, when intact, certainly resembles T7 DNA more closely than X DNA during exonuclease III digestion. On 
